Acidic, metal-laden mine drainage is a significant problem for many regions in the United States and throughout the world. In Appalachia, centuries of coal mining has left thousands of abandoned mines that are discharging waters containing elevated levels of metals-particularly Mn, with concentrations as high as 150 mg liter Ϫ1 (see reference 9 and references therein and reference 23). In the eastern United States, one of the most common methods to remediate coal mine drainage (CMD) is the use of biologically active limestone treatment beds. In essence, dissolved metals, such as Mn(II), are immobilized in the treatment bed via precipitation of sparingly soluble oxide minerals (23, 24) that effectively remove other metal contaminants (e.g., Ni, Co, and Zn) through coprecipitation and surface adsorption reactions (26, 31, 47) .
The importance of microbial activity in the remediation of Mn-contaminated waters has frequently been observed (6, 20, 21, 24, 25) . Several strains of Mn(II)-oxidizing bacteria have even been used for treating manganiferous mine waters (49) . Recently Mariner et al. (32) identified Mn(II)-oxidizing fungi, in addition to bacteria, successfully growing in a Mn-attenuating bioreactor for treatment of mine waters. We also observed that the addition of fungicides inhibited Mn(II) oxidation in laboratory-based CMD treatment simulations (W. D. Burgos, H. Tan, C. M. Santelli, and C. M. Hansel, presented at the National Meeting of the American Society of Mining and Reclamation, Pittsburgh, PA, 5 to 11 June 2010), suggesting a role for fungal activity in Mn remediation. The identities, growth characteristics, and oxidation mechanisms of the microbial community contributing to CMD remediation, however, remain largely unresolved. The objective of this study was to define the Mn(II)-oxidizing microbial community existing in passive treatment systems designed to remove dissolved Mn(II) from CMD. Because the mechanisms of microbial Mn(II) oxidation are not fully elucidated and are not genetically tractable (13, 18) , we initiated an extensive culture survey to identify microorganisms that catalyze Mn(II) oxidation and precipitate Mn(III/IV) oxide minerals. These results provide the foundation for future explorations identifying the key players in CMD remediation and factors impacting their activity.
In October 2007, we sampled four Mn attenuation bedsSaxman Run (SRC1) and DeSale phases I, II, and III (DS1 to DS3)-in central Pennsylvania that are currently treating exceptionally high Mn concentrations (up to 119 mg liter Ϫ1 ; 2.2 mM) generated from abandoned coal mines. Each system has a slightly different design (for a further description, see reference 21) and treatment load; however, all systems have wetlands and limestone-filled beds (to raise pH) in series. At the time of sampling, waters flowing into SRC1 had a near-neutral pH (6.6) and dissolved Mn was 28 mg liter Ϫ1 (500 M). SRC1 was highly effective in removing dissolved Mn where the effluent had Ͻ0.05 mg liter Ϫ1 Mn (data courtesy of the Pennsylvania Department of Environmental Protection). Systems DS1 to DS3 treat waters with a pH range of 5.7 to 6.3, containing 46 to 119 mg liter Ϫ1 (0.85 to 2.2 mM) Mn, and each attenuates about 50% of the total Mn load.
Culture enrichments were initiated using Mn oxide-coated limestone and debris from the treatment systems. Serial dilutions to 1/10 4 for each sample were plated on 7 types of agarsolidified media with 20 mM HEPES (pH 7) and 200 M MnCl 2 : AY (34); K, M, and Leptothrix (46); J and J plus acetate (22) ; and medium 3 (11) . Mn(II)-oxidizing microorganisms were transferred to fresh media until cultures were deemed axenic. Mn(III/IV) oxides were confirmed using the LBB colorimetric assay (28) and electron microscopy (not shown).
Fungal isolates were identified using a combination of phylogenetic analysis and morphological characterization (Table  1) , and bacteria were identified through phylogenetic analysis.
For morphological characterizations, fungi were grown on AY, potato dextrose agar, and malt extract agar for up to 12 weeks to induce sporulation. Isolates producing conidiogenous structures were examined using light microscopy to confirm specieslevel identifications. For phylogenetic analysis, genomic DNA of each culture was isolated, amplified by PCR, and sequenced. Bacterial 16S rRNA was amplified with the primers 8F/1492R using protocols described previously (38) . The 18S rRNA gene, 28S rRNA gene, and ITS1-5.8S rRNA-ITS2 region (referred to as ITS) were amplified from fungal isolates using primer pairs NS1/NS302 and NS3/NS5 (42), LR0R/LR5-F (45), and ITS1F/ ITS4 (35), respectively. Sequences were imported into the BLAST nucleotide search program (2), and ARB software (30) was used to align sequences (isolates and related organisms) and construct phylogenetic trees for representative species (99 to 100% sequence similarity). 18S rRNA analysis was used for related species comparisons, whereas ITS served as a bar code for species-level resolution when a sufficient database was present (reference 40 and references therein).
Results of the culture survey show that a diversity of Mn(II)-oxidizing fungi and bacteria exist in Mn attenuation systems that actively treat CMD. Mn(II)-oxidizing fungi, isolated from each of the Mn removal beds, represent ϳ90% of the nearly 100 axenic cultures obtained from the enrichments (Table  1) . Phylogenetic analysis of these fungi reveals 9 different species ( Fig. 1a (10) , neither has previously been demonstrated to oxidize Mn(II), nor is either phylogenetically related to known Mn(II)-oxidizing species (Fig. 1a) . Two additional Sordariomycetes were obtained, Acremonium strictum (isolate DS1bioAY4a) ( (42), and Pleosporales sp. UB32-2, isolated from a Japanese stream bed (33); however, ITS analysis shows only 88% similarity to Paraconiothyrium sp. WL-2 (the ITS sequence for UB32-2 is not publically available). Although relatively few Mn(II)-oxidizing bacteria were recovered from the treatment systems, these isolates present similar phylogenetic diversity: 9 bacterial isolates represent 4 taxa (Fig. 1b and Table 1 ) belonging to three different phyla: Firmicutes, Bacteroidetes, and Proteobacteria (Alpha-and Gammaproteobacteria). Bacillus spp., represented by isolate DS3sK3a, are the most commonly recovered bacteria (Table  1) . It is not surprising to recover Bacillus species from the treatment systems, because they are the most commonly isolated Mn(II)-oxidizing bacteria (12, 16) for marine systems as well. Isolate DS3sK1h, a Pseudomonas sp., is similarly related to other previously identified Mn(II)-oxidizing bacteria, such as P. putida strain MnB1 and Pseudomonas sp. LOB-2, isolated from the deep ocean (Յ97% sequence similarity; Fig. 1b) (46) . Two previously unreported Mn(II)-oxidizing bacterial species were also recovered: Agrobacterium sp. (isolate SRC1K2fb), an alphaproteobacterium, and Flavobacterium sp. (isolate DS2psK4b), a member of the Bacteroidetes (Table 1 and Fig. 1b) . The isolation of a Flavobacterium sp. further expands the taxonomic representation of Mn oxidizers-to our knowledge, members of the Bacteroidetes have never been demonstrated to oxidize Mn(II). Alphaproteobacteria, on the other hand, account for a large portion of cultured Mn(II)-oxidizing bacterial representatives (3, 15, 22, 44, 46) and other metal-oxidizing bacteria (39) .
Microbial communities living in CMD treatment systems are exposed to widely fluctuating environmental conditions and metal concentrations; therefore, the ability to tolerate and grow in various Mn concentrations was tested for all isolates. Fungi and bacteria were grown in media supplemented with Mn 2ϩ at the following concentrations: 0, 0.5, 1, 5, and 10 mM MnCl 2 . Our results show that all isolates, with the exception of Microdochium bolleyi and Pithomyces chartarum, grew and oxidized Mn(II) at Mn concentrations greater than those observed in the treatment systems (Table 1) . Metal tolerance of bacterial strains was somewhat unexpected since it is generally believed that fungi are more tolerant than bacteria to high concentrations of heavy metals, often leading to a prevalence of fungi in metal-contaminated soils (7, 8, 27, 37) . It is possible that these bacterial strains have developed metal tolerance in the treatment systems; the development of Mn tolerance has been observed previously (1) in the Mn(II)-oxidizing bacterium Leptothrix discophora.
Mn(II) exposure experiments also show that growth rates (Table 1) remain constant with various metal concentrations for many of the isolates (e.g., Microdochium bolleyi and Bacillus sp.), even at 10 mM Mn concentrations (data not shown). Some species, however, grow fastest at lower Mn(II) concentrations (e.g., Stilbella aciculosa), whereas others had increased growth rates at high Mn concentrations that were even more pronounced at 10 mM Mn (e.g., Stagonospora sp., 3.5 mm/day). Decreased (5) or similar (34, 41) growth rates at higher dissolved Mn(II) concentrations have previously been observed for many nonoxidizing and Mn-oxidizing ascomycota and bacteria (14, 22) , suggesting a possible toxic effect of high metal concentrations. Faster growth at very high Mn(II) concentrations, however, is somewhat surprising, although small concentrations have stimulated growth of some Mn-oxidizing bacteria relative to metal-free conditions (14, 15) . Since fungi and all known Mn(II)-oxidizing bacteria are heterotrophs and therefore do not gain energy from the oxidation reaction, these organisms may be benefiting from either the presence of Mn oxide minerals (e.g., scavenging of nutrients, immobilization of metals, or UV protection) or potentially an increased uptake of dissolved Mn(II) for cellular functions or scavenging of reactive oxygen species (see reference 43 and references therein).
Here we introduce new bacterial and fungal players in the oxidation of Mn(II). We also reveal a diversity and predominance of fungi within culturable Mn(II)-oxidizing communities in CMD passive treatment systems. It is not entirely unexpected to obtain fungi in such environments, since fungi often possess multiple mechanisms to tolerate environmental stresses (e.g., nutrient fluctuations, desiccation, or high metal loading). Consequently, it is becoming increasingly evident that fungi represent great (and often overlooked) potential for the remediation of a wide range of pollutants, including metals (for examples, see references 17 and 48). The results in this and previous studies (32; Burgos et al., presented at the National Meeting of the American Society of Mining and Reclamation, 2010) suggest fungi also contribute to the remediation of Mn-contaminated mine drainage, warranting continued investigations of the cultivated Mn(II)-oxidizing fungi. Future investigations of these organisms revealing the mechanisms of Mn(II) oxidation and the factors influencing optimal growth and activity will greatly aid the engineering of efficient systems for CMD bioremediation and likely beyond.
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